A simple TeV scale model for baryon and lepton number violation is presented, where neutrino mass arises via a one-loop radiative seesaw effect and B-violation obeys ∆B = 2 selection rule. The stability of proton is connected to the neutrino mass generation. Matter-antimatter asymmetry is generated in this model via resonant baryogenesis mechanism.
I. INTRODUCTION
Baryon number (B) violation is an essential requirement for understanding the origin of matter in the Universe according to Sakharov's criteria [1] . Some relevant questions that then arise are: (i) what are the selection rules for the B-violation; (ii) what is the scale of B-violation; and (iii) what is the physics associated them? At the level of effective theories, the various Standard Model (SM)-invariant operators that lead to B-violation can be classified according to their mass dimensions [2] and they give a rough idea about the mass scales of their couplings which make them observable. This provides a way to probe very high scales using only low energy experiments. For instance, a typical effective leading dimension six operator is QQQL which leads to proton decay, e.g. p → e + π 0 . The strength of this operator scales like M −2 . The fact that all searches for this mode of proton decay have yielded negative results implies that M ≥ 10 15 GeV or so. This kind of decay mode arises in Grand Unified Theories (GUTs) such as SU (5) or SO (10) , and is the basis of the common lore that the scale of B-violation is very high.
However, B-violation could also manifest at lowenergies in neutron-antineutron (n−n) oscillation [3] as well as in nuclear decays involving two nucleons, e.g. np → π's and np → K's (for a review, see e.g. [4] ). These processes arise from generic higher dimensional effective operators, a typical one having the form u R d R d R u R d R d R and having dimension nine; the strength of this process, therefore, scales like M −5 . Due to the high power of M , current limits on n −n search [5] as well as from proton decay searches [6] puts a lower bound on the scale M in the few TeV range depending on couplings in the theory. This makes it plausible that in the framework of a detailed ultra-violet (UV) complete model which leads to this operator, the physics of B-violation can be tested in laboratory experiments. It is therefore important that one should search for TeV scale UV complete models for B violation and their usefulness for understanding the origin of matter in the Universe.
In this paper, we present a simple extension of the SM which provides a unified UV complete theory for the TeV scale ∆B = 2 operator while at the same time generating neutrino masses via a one-loop seesaw graph. The key features of this model are the addition of right-handed (RH) Majorana neutrinos N a (a = 1, 2, 3), a color triplet scalar χ that connects them to the quark sector and a second inert Higgs doublet η. The Yukawa interactions of the color triplet generate the effective B-violating operator N a u R d R d R , which in combination with the Majorana mass M Na of the RH neutrinos leads to the d = 9, ∆B = 2 operator
The same RH neutrinos, together with the second Higgs doublet, produce a small Majorana mass for the neutrinos at the one-loop level [7] . Their masses are of order TeV and could therefore be searched for at colliders (for a review, see e.g. [8] ).
Some of the basic elements of this model are similar to the one presented in Ref. [9] , where a singlet fermion with Majorana mass was added to the SM together with a color-triplet Higgs field; that helped to generate the N a u R d R d R operator and hence the ∆B = 2 operator for n −n oscillation. However, the singlet fermion of Ref. [9] could not be identified with the RH neutrino, since its Yukawa coupling to the SM Higgs field would lead to a catastrophic proton decay, if the RH neutrinos have TeV-scale mass. The new ingredient in the present paper is to show that by adding a second Higgs doublet and a Z 2 symmetry which allows the second Higgs doublet to couple only to the SM singlet fermions, one can now identify the singlet fermion as one of the RH neutrinos, which along with other RH neutrinos can play a role in generating the observed light neutrino masses and mixings. Also the model can now be embedded in extended gauge groups such as SU (2) L × U (1) I 3R × U (1) B−L and possibly in higher groups such as SO (10) .
Another new result of this paper is a calculation of the matter-antimatter asymmetry in the model, which is now generated by a resonant baryogenesis mechanism with at least two quasi-degenerate RH neutrinos in the TeV range. The baryogenesis can either occur above or below the sphaleron decoupling temperature. In the latter case, this model provides a concrete realization of the post-sphaleron baryogenesis scenario [10] .
Our model has the following low energy implications: (i) it leads to ∆B = 2 processes such as pp → K + K + [11] as well as n −n oscillation [4] which have observable strengths (as in Ref. [9] ); (ii) despite the second Higgs coupling to N a , the presence of the unbroken Z 2 symmetry prevents ∆B = 1 proton decay while allowing the previously mentioned ∆B = 2 processes; (iii) light neutrino masses in this model arise via one-loop radiative seesaw diagram [7] , which allows much larger Yukawa couplings for RH neutrinos than the canonical seesaw [12] ; (iv) it leads to new collider signals with final states of type + − + 6j and pp → 4j at LHC. Finally, our model provides a testable mechanism for the origin of matter, which is qualitatively different from those discussed in Refs. [9, [13] [14] [15] . This paper is organized as follows: in Sec. II, we give a description of the model; Sec. III focuses on the ∆B = 2 modes such as pp → K + K + and n −n oscillation in the model; Sec. IV discusses the neutrino mass generation at the one-loop level; Sec. V presents a calculation of the baryon asymmetry in the model via resonant baryogenesis; in Sec. VI, we comment on some collider signals and in Sec. VII, we conclude with a summary of the results.
II. DESCRIPTION OF THE MODEL
We work within the SM gauge group SU (3) c × SU (2) L × U (1) Y and extend it by the addition of three RH neutrinos (N a ), an extra Higgs doublet (η) and an SU (2) L singlet, color triplet scalar (χ) with hypercharge Y = +4/3.
2 We impose an additional Z 2 symmetry under which the fields transform as shown in Table I . Here we denote the quark and lepton doublets of SM by
L ) and singlets by u R , d R , e R ; the SM Higgs doublet field is denoted by φ. The gauge-invariant and Z 2 -invariant interaction Lagrangian involving the leptons and the new fields χ and N in the model is 1 After this work was completed, we were informed of a related study [16] on the implications of the N udd operator for baryogenesis and collider phenomenology. 2 We have used the convention where given by
where α, β, γ are color indices and i, j, a, b are generation indices. Note also that due to color antisymmetry, the only non-zero λ 's are λ 12, 13, 23 . From the Z 2 assignments in Table I , it is clear that proton and neutron are Z 2 -odd whereas all the leptons and anti-leptons are Z 2 -even. Thus, a single proton decay is forbidden in this model, since it will always involve an odd number of leptons in the final state. The presence of the Majorana mass terms M ab for all the RH neutrinos in the Lagrangian (1) leads to the violation of lepton number (L) by two units. In conjunction with the effective B-violating operator N u R d R d R , this leads to an effective ∆B = 2 operator as discussed below, which gives rise to n −n oscillation.
The Higgs potential involving the SM Higgs doublet φ and the new doublet η in the model is given by [7] 
The mass squares in the potential are positive so that the SM Higgs field φ has a vacuum expectation value (VEV), i.e. φ 0 = v wk ≡ 174 GeV, but η = 0. The vanishing VEV of η is radiatively stable due to the discrete symmetry Z 2 . In the spirit of the model, we take M η to be in the TeV range and also choose M η ≥ M N , since we assume the model to represent TeV-scale physics. In the discussion below, we will take the following benchmark values for the masses: M χ ∼ 10 TeV and M N ∼ 1 TeV so that the model is testable in colliders as well as in low energy processes.
The fact that both B and L violation are realized at TeV-scale in this model imposes constraints on the various couplings in (1) in order to be consistent with the flavor changing neutral current (FCNC) observations. For instance, in order to be consistent with the K L − K S mass difference, we must have λ 13 λ 23 10 −3/2 . Similarly, B d − B d and B s − B s oscillation observations lead to the constraints |λ 32 λ 12 | 10 −1 and |λ 31 λ 12 | 10 −1 respectively. These constraints are not very strong due to the fact that they arise only at the one-loop level. From the above discussion, we find that we could easily satisfy the FCNC constraints by assuming the conservative bounds λ 12 , λ 32 ≤ 10 −2 for M χ = 10 TeV. The important point to note is that they still leave λ 13 unconstrained, so that its value could be of order ∼ 1. This helps in obtaining an observable n −n oscillation as well as the correct baryon asymmetry, as we will see below.
III. B AND L VIOLATION
The basic source of B violation in the model arises from the last two terms in Eq. (1) involving λ and λ . To see this explicitly, note that the λ coupling implies that the χ-field has B = −2/3. The RH neutrino coupling λ together with the lepton Yukawa coupling h ν would then conserve "baryon number". However, the λ 5 coupling in Eq. (2) would then break baryon number. Thus the model breaks baryon number even if the RH neutrinos did not have a Majorana mass in which case, lepton number is still an unbroken symmetry.
On the other hand, if the RH neutrinos N a have a Majorana mass, one could no more assign a baryon number to N . In this case, both baryon and lepton number would be broken and the two breakings are connected to each other. In particular, the Majorana mass terms for N a would break both baryon and lepton number by two units. The starting effective baryon number violating operator in this case is
with a strength
Combining this with the Majorana mass of the RH neutrinos, we get an effective ∆B = 2 operator at tree-level, as shown in Fig. 1 . Thus in this simple extension of SM, ∆L = 2 implies ∆B = 2.
As noted below Eq. (1), due to color antisymmetry of the coupling λ , the two down-type quarks coupling to χ must involve different generations. Therefore, the leading tree-level ∆B = 2 operator necessarily changes strange or bottom quantum number by two units. For example, the strength of the effec- tive operator with ∆S = 2 is given by
where i, j, k, l, m, n are color indices. This ∆s = 2, ∆B = 2 operator leads to the process pp → K + K + . The current bound on this process from SuperKamiokande search for proton decay is τ pp→KK ≥ 1.7 × 10 32 yrs. [17] . In order to translate this bound into bounds on couplings, we need to go from six quarks to two protons. This transition would involve QCD dressing and has been discussed in the context of MIT bag models [18] as well as lattice models for QCD [19] . Using the same dressing factor ∼ 10 −5 , we find that for pp → KK decay rate to be consistent with the current experimental limit, we must have λ 12 λ a1 10 −4 . Thus, we can choose λ 12 ≤ 10 −4 to satisfy the diproton decay constraint, while keeping λ a1 ∼ 1 which helps for the purpose of baryogenesis, as discussed in the next section.
Note that as far as the ∆B = 1 operator is concerned, there is one operator of the form ηLu R d R d R induced by the exchange of χ and N a fields. This could have been seen from Z 2 invariance of the model: it implies also that since L is even under this symmetry, the only way it can combine with the Z 2 -odd u R d R d R operator is, when it appears together with the Z 2 -odd field η. Since η does not have a VEV, this operator cannot induce proton decay. Note however that the η field could be pair-produced in colliders via SM Z or photon exchange and would lead to B-violating final states, as discussed later.
To get n −n oscillation in this model, one has to convert two strange or bottom quarks in to two down quarks. This will need an ∆s = 2 or ∆b = 2 effective interaction. Due to the constraints from pp → K + K + life time, the dominant contribution comes from the ∆b = 2 operator. To estimate this contribution, we parameterize this operator as
In combination with the ∆B = 2 operator shown in Fig. 1 , it can give rise to n −n oscillation at one-loop level, as shown in Fig. 2 . The strength of this n −n operator is given by
Using Λ ∼ 10 6 GeV to satisfy the constraints of B d − B d mass difference and choosing the QCD dressing to be 10 −5 , we find that τ n−n ≥ 10 8 sec. for (λ a1 λ 13 ) ≤ 10 −1 . Note that both these couplings are unsuppressed by FCNC constraints, and therefore, can be of order ∼ 1, thus giving rise to a large n −n amplitude, which is in the observable range of currently planned experiments.
Due to the fact that the N a 's are identified with RH neutrinos, this induces a tree level leptonic Bviolating process via the diagram shown in Fig. 3 . This leads to the ∆B = 2, ∆L = 2 process pp → K + K +νν . However, the smallness of the λ 12 coupling as assumed above is enough to suppress this process to an unobservable level. 
IV. NEUTRINO MASS
To understand the origin of neutrino mass in this model, we first note that the Z 2 symmetry forbids the usual Dirac mass term LφN . As a result, neutrino masses can not arise from the canonical seesaw mechanism [12] . Instead, the leading contribution comes from a one-loop graph as suggested in Ref. [7] and shown in Fig. 4 . We assume that masses of the η Higgs components (denoted generically by M η ) are much larger than the masses of the RH neutrinos M a . In this limit, the light neutrino masses are given by [7] (M ν ) ij λ 5 v 2 wk
This implies that we can get the desired neutrino masses in the sub-eV range for TeV-scale RH neutrinos if M η ∼ 10 TeV and Yukawa couplings h ∼ 10 −7/2 − 10 −4 . These values of the couplings seem reasonable, as they are comparable to some of the lepton Yukawa couplings in the SM. We will see below that the assumption of M η M N is useful in understanding baryogenesis without any simultaneous leptogenesis from N decays.
As we will see in the following section, to facilitate resonant baryogenesis, we must have at least two RH neutrinos to be quasi-degenerate. In this case, there is a direct relationship between the neutrino mass and the Yukawa couplings as M ν α loop h ν h Fig. 1) , governed by the effective interaction (3). A nonzero CP -asymmetry can be generated due to the interference of the tree-level decay graph with the one-loop graph containing an absorptive part. As in the case of leptogenesis (for a review, see e.g. [20] ), there are two contributions, namely, ε -type CPasymmetry which is dominant in the hierarchical case M N2,3 ≥ M N1 [21] , and ε-type CP -asymmetry which is dominant in the quasi-degenerate case [22] . Here we consider the second case (cf. Fig. 5 ), where the CP -asymmetry is resonantly enhanced by the RH neutrino self-energy effects [22] . Since the RH neutrino decay directly produces a baryon asymmetry in our model without relying on the sphaleron transitions, we call this the resonant baryogenesis scenario.
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As the Universe evolves, the new heavy particles η and χ disappear via decay and annihilation and only the quasi-degenerate RH neutrinos remain in equilibrium at the TeV temperature. Their out-ofequilibrium decay to three quarks (cf. Fig. 5 ) is the dominant source term for generating the baryon asymmetry. For two quasi-degenerate RH neutrinos with an average mass M N and decay width Γ N , the dominant self-energy contribution to the total CPasymmetry in our model is given by
which gets resonantly enhanced when
Due to FCNC and diproton decay constraints, the dominant contribution to resonant baryogenesis comes from bdu, bdc, bdtquark intermediate states in the two-loop diagram shown in Fig. 5 . Clearly, for a given set of couplings λ ai , λ ai satisfying all the experimental constraints, we can adjust the mass difference between the two RH neutrinos N 1,2 to get the desired value for the CP asymmetry, as required to explain the observed baryon asymmetry. For example, with a 1% level degeneracy i.e.
∼ 0.01 and O(1) couplings, we can get ε ∼ 10 −4 from Eq. (7), thus implying that there is a large range of parameters in the model where resonant baryogenesis can produce large enough CP asymmetry.
At tree-level, the N → udd decay rate mediated by χ is given by
where the second equality holds in the limit M χ M Na , which is assumed to be the case for our benchmark scenarios. For a given set of model parameters, we should compare the decay rate given by Eq. (8) with the Hubble expansion rate
where T is the temperature, g * is the effective relativistic degrees of freedom and M Pl = 1.2 × 10
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GeV is the Planck mass. Defining a quantity K = Γ N /ζ(3)H(z = 1), where z = M N /T is a dimensionless quantity and ζ(x) is the Riemann zeta function, we can roughly say that for K 3, the system is in the strong washout regime [21] , where the final baryon asymmetry generated around z = 1 is insensitive to the initial conditions at z 1. For O(1) couplings, the strong washout regime in our model is shown in Fig. 6 , where we have assumed g * = 106.75 corresponding to the SM degrees of freedom. We find that for M χ = 10 TeV, the strong washout regime is obtained for M N 10 GeV, and for lower values of M χ , it is possible to allow for lower M N values.
For M N T c 150 GeV, where T c is the critical temperature below which the electroweak sphaleron processes become ineffective [24] , the produced baryon asymmetry will get diluted due to sphaleron effects. It should be noted here that since the baryon asymmetry in our model is produced solely in the RH-quark sector, the sphaleron effects do not directly act on it, but part of the asymmetry transferred to the LH-quark sector will get di- T c , the produced baryon asymmetry is not affected by the sphaleron processes, and hence, the only dilution effect is due to the Hubble expansion: d g s (T 0 )/g s (T = M N ), where g s (T 0 ) = 3.91 is the effective degrees of freedom corresponding to the entropy density at recombination and g s (T = M N ) depends on the RH neutrino mass scale M N . In this case, we have a concrete model for the post-sphaleron baryogenesis mechanism [10] .
For the thermodynamic evolution of the generated baryon asymmetry, we should also take into account the washout effects, mainly due to d R d R → Nū R scattering mediated by χ. 5 The reduced cross section for this process is given bŷ
In order to compare the decay and scattering rates, we define the corresponding collision rates as follows:
5 Other scattering processes involving χ in the initial state will be Boltzmann-suppressed at T = M N for Mχ M N . 
Using these expressions, we can define the decay and scattering rates as D = zγ D /H(z = 1)n γ and S = zγ S /H(z = 1)n γ . In Fig. 7 , we plot the ratio D/(D + S) as a function of the parameter z. Note that this ratio only depends on z and M N , and is independent of the other model parameters, i.e. the couplings and M χ . We find that the decay rate becomes dominant over the scattering rate, as required for successful baryogenesis in the strong washout regime, we should have z 7, i.e. M N 7T . Thus, for the M N T c scenario, we can obtain the required baryon asymmetry for M N 1 TeV, whereas for the post-sphaleron case, lower values of M N are possible.
Finally, the evolution of the baryon asymmetry in our model is obtained by solving the following Boltzmann equations:
where η B denotes the total baryon asymmetry, i.e. summed over all quark flavors. 6 Here η
is the equilibrium number density of RH neutrinos. Substituting Eq. (13) in Eq. (14) and using the fact that the RH neutrino number density closely follows the equilibrium evolution in the strong washout regime, we obtain
The solution of this ODE at z = z c should be compared with the required value η B = 2.5 × 10 −8 to satisfy the observed baryon asymmetry. Using the benchmark values of the model parameters discussed above and utilizing the resonant enhancement of the CP -asymmetry, we have checked that it is indeed possible to get successful baryogenesis with M N ∼ 1 TeV and M χ ∼ 10 TeV.
VI. COMMENTS
In this section, we make several comments on the phenomenological implications of our model, including a brief description of some novel collider signals.
(a) In usual type I seesaw models, the RH neutrino couples to the SM Higgs, which acquires a VEV. This leads to mixing of N 's with light neutrinos (for a review of the phenomenology of this class of models, see e.g. [27] ). Thus N production in colliders occurs via the ν − N mixing [8] . However, in the model discussed above, there is no ν − N mixing, as in the usual inert doublet model [7] . An alternative production mode is therefore as follows: first the inert doublet η is produced in pairs in a DrellYan process via the exchange of electroweak gauge bosons. This then decays to +N final states. In the usual inert doublet model, if M N ≤ M η , as we assume here, the final state N would go undetected as a missing energy. On the other hand, in our model, N → udb is allowed, so that we will have η → jjb if |M η + − M η 0 | ≤ M W . This condition is required to satisfy the bounds from T parameter in this model [28] . Thus in this parameter range, the LHC signal for this model would be ± ∓ 4jbb. For lower mass η's, e + e − colliders may be a suitable place to search for this new signal [29] . Note that this is different from the ± ± jj signal of canonical type I seesaw [30] . Another interesting collider signal is: pp →qN → 4j + no missing E T . A detailed analysis of these collider signals, along with the estimation for the QCD background will be presented elsewhere. (b) In contrast with the inert dark matter model, in our case, the η 0 field is unstable and therefore does not play the role of dark matter. (c) The contribution to neutrinoless double beta decay in this model comes only from the light neutrinos [31] and there are no heavy particle contributions.
(d) This model could be embedded into an SU (2) L × U (1) I 3R × U (1) B−L theory above the scale of M χ . This is the next minimal anomaly free gauge extension of the model. This embedding and its eventual GUT embedding in SO (10) is currently under investigation.
VII. CONCLUSION
In conclusion, we have presented a TeV scale model for both baryon and lepton number violation which can provide an understanding of neutrino masses without fine tuning of parameters and also a mechanism for explaining the origin of matter via the mechanism of resonant baryogenesis. It also predicts that the ∆B = 2 processes such as pp → K + K + and n−n oscillations might be observable with current and future experimental facilities. A novel six jet plus like sign dilepton signal of this model can be searched for at the LHC.
